Depletion of the electron donor ascorbate causes rapid inactivation of chloroplastic ascorbate peroxidase (APX) of higher plants, while cytosolic APX is stable under such conditions. Here we report the cloning of cDNA from Galdieria partita, a unicellular red alga, encoding a novel type of APX (APX-B). The electrophoretic mobility, K m values, k cat and absorption spectra of recombinant APX-B produced in Escherichia coli were measured. Recombinant APX-B remained active for at least 180 min after depletion of ascorbate. The amino-terminal half of APX-B, which forms the distal pocket of the active site, was richer in amino acid residues conserved in chloroplastic APXs of higher plants rather than cytosolic APXs. In contrast, the sequence of the carboxyl-terminal half, which forms the proximal pocket, was similar to that of the cytosolic isoform. The stability of APX-B might be due to its cytosolic isoform-like structure of the carboxyl-terminal half.
Photosynthetic organisms have a reactive oxygen species (ROS)-scavenging system. In higher plants, one of the most important scavenging systems is the ascorbate-glutathione cycle, composed of ascorbate peroxidase (APX), monodehydroascorbate reductase, dehydroascorbate reductase, and glutathione reductase. 1, 2) APX is a heme enzyme and by its amino acid sequence is a member of the class I family of heme peroxidases, as is cytochrome c peroxidase. 3) APXˆrst reacts with hydrogen peroxide and is converted to the two-electron-oxidized intermediate, APX(Fe IV ＝O)R・, referred to as compound I. In this, the heme moiety is oxidized to the oxyferryl (Fe IV ＝O) species and an organic group, R (mainly porphyrin, 4) see Discussion), is oxidized to its free radical, R・. Compound I is reduced back to the resting ferric (Fe III ) state in two successive one-electron transfer reactions with ascorbate through APX(Fe IV ＝O)R, referred to as compound II. These reactions produce two molecules of the one-electron-oxidized product, the ascorbate monodehydroascorbate radical.
Crystallographic analysis of recombinant cytosolic APX of pea reveals 12 a-helixes.
5) Domain I, composed of helixes A to D, is on the distal side of the heme molecule, and domain II, composed of helixes F to J, is on the proximal side. The domains are connected via helix E. On the basis of the results from nuclear magnetic resonance and computer-modeling, the ascorbate-binding site has been proposed to be in a pocket formed by the heme molecule and the domain I. 6) On the basis of enzyme characteristics and amino acid sequences, APXs of higher plants have been divided into several isoforms; 7) two soluble isoforms in the cytosol and the stroma, and two membranebound isoforms localized in the thylakoids and the microbodies (glyoxysome and peroxisome). Theˆfth isoform, the subcellular localization of which remains unknown, has also been found. In many plant species, the amino acid sequence of the core region of the stromal isoform is identical to that of the thylakoid-bound isoform. The underlined amino acid residues are identical to amino-terminal sequence obtained by Edman degradation of native APX-B puried from G. partita.
13) The peroxidase-active site and the peroxidase-proximal-heme-ligand signatures are double-and bold-underlined, respectively. An extra sequence, ATTCC, found in one cDNA clone upstream of the usual poly(A) sequence is shown below. The DDBJ W EMBL W Genbank accession number is AB037537.
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DiŠerent APX isoforms have diŠerent stability under ascorbate-depleted conditions. In vitro study showed that isoforms in chloroplasts of higher plants are rapidly and irreversibly inactivated when ascorbate is depleted and compound I can not be reduced. This is because autooxidation of remaining ascorbate molecules generates a small amount of hydrogen peroxide, which attacks compound I. 8) Therefore, when excess hydrogen peroxide is generated by various photooxidative stresses, or when the concentration of ascorbate is lowered, APX cannot detoxify ROS that attack proteins, nucleic acids, and lipids in chloroplasts, causing chlorosis and cell death. By contrast, cytosolic and microbody-bound isoforms are relatively stable under low ascorbate conditions. Sulfur dioxide, an air pollutant, inhibits plant growth by generating ROS in chloroplasts. When sulfur dioxide is incorporated into cells and becomes sulˆte, it generates hydrogen peroxide in an interaction with photosystem I. 9, 10) The acidophilic and thermophilic single-celled red alga Galdieria partita can grow without photodamage under continuous aeration with 5 Pa of sulfur dioxide, 11) one hundred times the sulfur dioxide concentration that other plants tolerate, 12) and this may be due to its higher ROSdetoxifying capacity. 13) Furthermore, two isolated APXs (APXs-A and B) are highly stable under ascorbate-depleted conditions, like the cytosolic isoform of higher plants. 13) The enzymes involved in the ascorbate-glutathione cycle have only been studied well in green plants. We therefore isolated cDNA encoding APX-B, a major isoform of two APXs in G. partita, and compared its predicted amino acid sequence with APXs of green plants and green algae. Furthermore, we overexpressed the recombinant APX-B in E. coli, to examine its enzymatic properties. This is theˆrst report of isolation of the full length of cDNA for APX from non-green photosynthetic organisms. The predicted amino acid sequence and characterization of APX-B provide insight into the cause of diŠerent stabilities among APX isoforms.
Results
Cloning and sequence analysis of APX-B cDNA The APX-B-speciˆc primer corresponded to the region between the 16th and 22nd amino acid residues. 13) A DNA fragment, ampliˆed from total cDNA using the APX-B-speciˆc and the oligo-dT primers, had a nucleotide sequence similar to those of plant APX genes. Therefore, we screened the cDNA library of G. partita by using this DNA fragment as the probe.
The APX-B cDNA clones contained an open reading frame of 741 bp within the 1.1-kb insert ( Fig. 1 . The EMBL W GenBank W DDBJ accession number is AB037537). Direct sequencing of PCR products of the 5?-end ampliˆed from three independently prepared cDNA libraries conˆrmed that it encoded the full-length of APX-B cDNA (not shown). One of ten clones isolated hadˆve extra nucleotides, ATTCC, upstream of poly(A) (Fig. 1) , indicating that G. partita mRNA had at least two polyadenylation sites.
Theˆrst ATG began at base 55, but this reading frame had a stop codon upstream of theˆrst inframe ATG. Thus, theˆrst in-frame ATG located at bases 198-200 was assigned as the start codon, and the open reading frame encoded a protein of 247 amino acid residues with a predicted molecular mass of 27,838 Da and an isoelectric point of 5.68. Comparison with the amino-terminal amino acid sequence of native APX-B puriˆed from G. partita cells 13) showed that only theˆrst methionine was removed posttranslationally. This indicates that cDNA for APX-B has no sequence for the transit peptide.
Molecular characteristics of APX-B
Comparing the amino acid sequence against the PROSITE database showed two motifs conserved in peroxidases. Theˆrst is the peroxidases-active-site (Fig. 1 , bold-underlined). Furthermore, APX-B conserved Cys-25, which corresponded to Cys-32 of the cytosolic isoform of pea plants. This residue is conserved in many APXs and has been deduced to be near the ascorbate-binding site and to be important for reduction of the oxidized reaction intermediates compounds I and II. 14) Immunoblotting analysis We have reported that the molecular mass of native APX-B was 28 kDa 13) which is close to the predicted molecular mass of the cloned sequence. As mentioned above, theˆrst methionine is not present in native APX-B. To examine whether other posttranslational modiˆcations occur, we compared the mobilities of native APXs and recombinant APX-B.
Recombinant APX-B, puriˆed to homogeneity to give a single band at 28 kDa in SDS-PAGE ( Fig. 2(a) ), was used to immunize rabbits. The antisera were used to probe the APX-B protein in immunoblots. When extracts from G. partita were analyzed, APX-B protein was detected as a band of approximately 28 kDa in the soluble protein fraction ( Fig. 2(b) ). The recombinant APX-B showed the same mobility as that of the native 28-kDa protein (compare lanes 1 and 2 in Fig. 2(b) ). This suggested that there is little if any posttranslational modiˆca-tion, other than the removal of itsˆrst methionine. The intensity of staining of 0.06 mg of puriˆed recombinant APX-B was close to that of the 28-kDa native protein in 1.65 mg of total soluble proteins (compare lanes 1 and 2 in Fig. 2(b) ). Most of the 28-kDa protein detected by the anti-APX-B antibody in total soluble proteins is presumably APX-B, because the APX-A isoform accounted for only 15z of the total APX activity of G. partita, 13) and APX-A was less reactive to the anti-APX-B antibody (Figs. 2(c) and 2(d)).
A faint band of 28 kDa was visible in the insoluble fraction (lane 3 in Fig. 2(b) ) and was probably contamination by APX-A and W or -B. No other band was detected, suggesting that G. partita does not have a membrane-bound APX isoform having a primary structure similar to that of APX-B. This is consistent with the previous result that APX enzyme activity was not detected in the membranous fraction.
13)

Reaction kinetics
The speciˆc heme content of recombinant APX-B was measured by the pyridine hemochromogen method. The reduced pyridine hemochromogen for APX-B showed an absorbance maximum at 556 nm and a minimum at 540 nm (not shown), which is characteristic of protoporphyrin IX. 15) One molecule of recombinant APX-B contained on average 0.56 molecule of heme, indicating that 44z of recombinant APX-B was the apoenzyme.
Recombinant APX-B showed a speciˆc activity of 2900±300 units min "1 mg protein "1 at 379 C. The activity at 259 C was approximately 60z of that at 379 C. The Km value for ascorbate was 216 mM in the presence of 100 mM hydrogen peroxide, and that for hydrogen peroxide was 82 mM in the presence of 500 mM ascorbate. The kcat calculated from the maximum activity and the heme content was 3460 sec "1 site "1 . When assayed at 259 C, Km values for ascorbate and hydrogen peroxide and kcat were 119 and 42 mM, and 2190 sec "1 site "1 , respectively (Table 1) .
Absorption spectra of recombinant APX-B Absorption spectra were measured using 0.15 mg W ml of recombinant APX-B in buŠer B containing 0.15 M of KCl. A Soret peak was found at 407 nm with an absorption coe‹cient of 125 mM "1 cm "1 per heme, and the peak was shifted to 435 nm (119 mM "1 cm "1 per heme) upon reduction by dithionite, with the a-peak at 556 nm (15.3 mM per heme) and 545 nm (13 mM "1 cm "1 per heme).
Stability of recombinant APX-B under ascorbatedepleted conditions
In higher plants, chloroplastic APX isoforms are rapidly and irreversibly inactivated when ascorbate is depleted. This is because a small amount of hydrogen peroxide is produced via autooxidation of the remaining ascorbate, which attacks compound I. 8) In contrast, cytosolic 16) and microbody-bound 17) isoforms of higher plants are relatively stable under these conditions.
We therefore examined the stability of recombinant APX-B (Fig. 3) . Recombinant APX-B in buŠer B containing 0.15 M of KCl (0.34 units min "1 ml "1 at 259 C) was diluted 100-fold with 50 mM MES-KOH (pH 7.0) with or without 0.5 mM ascorbic acid, to giveˆnal ascorbate concentrations of 0.5 mM or 10 mM, respectively. After incubation at 259 C, the remaining activity was measured (Fig. 3) . In low ascorbate concentrations, recombinant APX-B kept its activity for 180 min, but recombinant stromal APX of spinach (0.4 unit min "1 ml "1 at 259 C) lost its activity with the half inactivation time of 13 min, by depletion of ascorbate.
Discussion
APX-B lacked a transit peptide as found in the chloroplastic isoforms, and also lacked the carboxylterminal extension found in stromal, thylakoidbound, or microbody-bound isoforms of higher plants. APX-B has been detected as a soluble protein in G. partita cells (Fig. 2 and Sano et al. 13) ). Thesê ndings suggest that APX-B is localized in the cytosol. Since the site where sulfur dioxide generates ROS is the chloroplast, APX-B is thought to scavenge hydrogen peroxide that diŠuses out from the organelle. Similarly in Euglena gracilis, APX, dehydroascorbate reductase, 18) and glutathione reductase 19) are found only in the cytosol. Hydrogen peroxide generated in chloroplasts is presumably decomposed in a similar way.
20)
The Km for substrates and the absorption spectra of recombinant APX-B were similar to those of native APX-B partially puriˆed from G. partita (Table 1) . Comparison of electrophoretic mobilities Regions between helixes A and J are aligned. Helixes were assigned according to the structure of cytosolic APX of pea. 4) Identical and similar amino acid residues are marked by asterisks and dots, respectively. Green letters, residues conserved in the chloroplastic but not in the cytosolic isoforms of higher plants. Red letters, residues conserved in the cytosolic but not in the chloroplastic isoforms. The proteins shown are cytosolic APXs from pea (DNA or protein database P48534), Arabidopsis (Q05431), spinach (D85864), tobacco (U15933), maize (Z34934) and rice (D45423), microbody-bound APXs from cotton (U37060) and Arabidopsis (X98276), APXs locations of which are unknown from spinach (D49679) and iceplant (AF079513 and AF079512), chloroplastic APXs from cucurbit (D88420), spinach (AB002467), iceplant (AF069316), Arabidopsis (X98925 and X98926), APX from Chlamydomonas W80 (AB009084), and APX from C. reinhardtii (AJ223325). APX of Chlamydomonas W80 strain is in chloroplasts. 35) of recombinant and native APX-B proteins suggested that there is no signiˆcant posttranslational modiˆca-tion, other than theˆrst methionine being removed.
Recombinant APX-B remained active for at least 180 min at 259 C in 10 mM ascorbate (Fig. 3) , as do recombinant microbody-bound and cytosolic APXs of spinach. 17) The deduced amino acid sequence of APX-B was compared with those of other APXs. Theˆrst residue of the peroxidases-active-site signature [SGATV]-
is not conserved in APX-B, as described above. Theˆrst residue of the signature is also replaced by other amino acids in APXs of chloroplasts of higher plants and in an isoform of Chlamydomonas reinhardtii (Fig. 4) . Thus, it seems unlikely that this residue is important to peroxidase activity in APXs.
In this report, helixes of other APXs were assigned according to the structure of cytosolic APX of pea. 5) Overall, the core region (helixes A to J) of APX-B was only 46-60z identical to those of APXs of higher plants and Chlamydomonas and APX-B could not unambiguously be classiˆed as a member of any isoform group.
However, we found, by a multiple sequence alignment, that some parts of APX-B shared sequence similarity with chloroplastic isoforms of higher plants, whereas other parts shared similarity with cytosolic isoforms (see Fig. 4 ).
In this study, amino acid sequences of nine cytosolic APXs including those of soybean (accession number AAD20022), cucumber (BAA13671), and barley (CAA06996) andˆve chloroplastic APXs were compared (Fig. 4) . Sequences of soybean, cucumber, and barley enzymes are not shown in theˆgure to save space. Residues conserved in at least eight cytosolic APXs but not found in chloroplastic APXs were deˆned as cytosolic residues. The residues conserved in at least four chloroplastic APXs but not found in cytosolic APXs were deˆned as chloroplastic residues. APX-B domain I (helixes A to D) was richer in chloroplastic residues than domain II (helixes F to J); of 24 chloroplastic residues found in helixes A to J, thirteen were located in domain I and only four in domain II. In particular, helixes B and D were similar to those of the chloroplastic isoforms. Helix B of APX-B has three chloroplastic and one cytosolic residues as well as six residues common to both isoforms. Helix D of APX hasˆve chloroplastic and one cytosolic residues as well as six residues common in both isoforms.
Helix B contains a peroxidase-active-site signature, and in pea cytosolic APX, this region forms the distal pocket of the active site.
5) The native APX-B partially puriˆed from G. partita showed a substrate speciˆcity for electron donors similar to those of the chloroplastic APXs, rather than that of the cytosolic APX of higher plants. 13) The speciˆcity of APX-B for electron donors might be due to the chloroplastic-like structure of helixes B and D. In contrast, domain II was similar to the cytosolic isoform. Only eight of 23 cytosolic residues were in domain I, while 14 residues were in domain II. The hybrid-type structure of APX-B suggests that its stability under ascorbate-depleted conditions might be due to its cytosolic-like domain II. Domain II of pea cytosolic APX contains several regions or amino acid residues that may be involved in enzyme activity. Domain II forms a pocket at the proximal face of the heme. In cytochrome c peroxidase of yeast, electrons are transferred from the proximal pocket tryptophan to the iron of heme, forming the tryptophan radical in compound I. 21) In cytosolic APX, a porphyrin p cation radical is preferentially formed because a cation (possibly a potassium ion) near the tryptophan (Trp-179) prevents electron transfer by increasing the electrostatic potential. 5) In pea cytosolic APX, the four cation-binding residues, Thr-164, Thr-180, Asn-182, and Asp-187, are in domain II, in the region containing helixes F to G. 5, 22) It should be noted that, under certain conditions, cytosolic APX can form the tryptophan radical. Hiner et al. 23) reported that the reaction of cytosolic APX of pea with hydrogen peroxide generates the tryptophan radical in the absence of ascorbate.
The other important residue within domain II is Arg-172, which may interact with ascorbate during its binding near the heme edge containing the propionate residues.
14)
The proximal tryptophan, the cation-binding residues apart from Asn-182, and Arg-172, that are seen in pea cytosolic APX, are all well conserved among cytosolic, microbody-bound and chloroplastic APXs of higher plants and APX-B. In contrast, residues near these amino acids are quite diŠerent among the isoforms. Interestingly, chloroplastic APXs have 16 amino acid residues inserted between Pro-178 and Trp-179 of the pea cytosolic APX. These neighboring amino acid residues might in‰uence the function of the proximal tryptophan, the cation-binding site, and W or the Arg-172, changing the stability of APXs under ascorbate-depleted conditions.
APX-A had enzyme characteristics similar to those of APX-B and is also highly stable under ascorbatedepleted conditions. 13) Nevertheless, immunological studies ( Fig. 2 and Sano et al. 13) ) indicated that its primary structure was diŠerent from that of APX-B. We have not obtained a cDNA clone encoding APX-A, but comparison between the amino acid sequences of APXs-A and B would give us further information on the signiˆcance of each amino acid residue of domain II.
Materials and Methods
Culture of Galdieria partita. G. partita Tokara was cultured as described by Uemura et al. 24) Cells were harvested by centrifugation at 10,000×g for 20 min at 49 C, ‰ash-frozen in liquid N2 and stored at "809 C.
Isolation of cDNA clones of APX-B. DNA and RNA were manipulated by the procedures described by Ausubel et al. 25) and Sambrook et al. 26) Total RNA of G. partita was reverse-transcribed using an oligodT primer and Ready-to-Go RT-PCR beads (Amersham Pharmacia Biotech, Uppsala, Sweden) and ampliˆed by PCR with the oligo-dT and an APX-Bspeciˆc primers. The APX-B-speciˆc primer (5?-GTIAARYTITTYGARCARAC-3?, I＝inosine, R＝ A or G, Y＝T or C) was designed according to the amino-terminal sequence of APX-B, determined by Edman degradation.
13) The PCR program consisted of 32 cycles: 959 C for 30 sec, 429 C for 30 sec, and 729 C for 1.5 min. PCR products were separated by agarose gel electrophoresis and the 0.8-kb product was ligated into the pT7Blue vector (Novagen, Madison, WI).
Polyadenylated RNA of G. partita was used to construct a cDNA library in the lZAPII vector (Stratagene, La Jolla, CA). A total of 1×10 5 clones were screened by plaque hybridization using a 32 Plabeled cDNA fragment of APX-B obtained by reverse transcription-PCR as the probe. Positive clones were identiˆed by autoradiography and converted into phagemids for sequencing.
Sequence analysis. Nucleotide sequences were analyzed by the dideoxy-chain-termination method using a Thermosequenase II DNA sequencing kit (Amersham Pharmacia Biotech) with an automated DNA sequencer (model 377, PE Applied Biosystems, Foster City, CA). DNA sequence of both strands was sequenced. DNA sequences were analyzed using the Gene Works (IntelliGenetics, Campbell, CA) and MacVector (Oxford Molecular Group, San Diego, CA). The PROSITE database 27) (http: W W motif. genome.ad.jp) was used toˆnd motifs in the amino acid sequence. Multiple sequence alignment was done by Clustal X. 28) Identities between amino acid sequences were calculated with FASTA3 29) (http: W W www2.ebi.ac.uk W fasta3 W ).
Construction of a plasmid for expression of recombinant APX-B in E. coli. An NcoI site (CCATGG) was created at the translation-start site by PCR-mediated site-directed mutagenesis using a mutagenic primer (5?-GGTCCAACCATGGTTGC-TTCTAAG-3?). The cDNA fragment between the introduced a NcoI and XhoI sites of the vector plasmid downstream of poly(A) sequence of the cDNA was inserted into NcoI-XhoI site downstream of the T7 promoter of pET16b (Novagen) to generate pET16b::APX-B. The fragment ampliˆed by PCR was sequenced to check the valid incorporation of nucleotides in PCR.
Puriˆcation of recombinant APXs. E. coli strain BL21(DE3) harboring pET16b::APX-B was grown at 379 C in 100 ml of Circlegrow medium (Bio101, Carlsbad, CA) containing 50 mg l "1 ampicillin. At OD600＝0.5, isopropyl-b-D-thiogalactoside was added to aˆnal concentration of 1 mM. When OD600 reached 1.5, the cells were harvested by centrifugation and stored at "809 C.
The E. coli cells (2.2 g wet weight) were suspended in 20 ml of buŠer A [50 mM potassium phosphate buŠer (pH 7.0), 1 mM EDTA, 1 mM ascorbate, 1 mM PMSF], and disrupted by sonication. The lysate was centrifuged at 5,000×g for 20 min. Recombinant APX-B was puriˆed from the supernatant with a Butyl Toyopearl column (Tosoh, Tokyo, Japan) and a Hiload 26 W 60 Superdex 75 prep grade column (Amersham Pharmacia Biotech) as previously described. 13) Recombinant stromal APX of spinach 30) was puriˆed by the same procedure as for APX-B, except that ammonium sulfate precipitation was omitted. Puriˆed recombinant APXs was stored at "809 C in buŠer B [10 mM potassium phosphate buŠer (pH 7.0), 1 mM EDTA, 1 mM ascorbate] with 0.15 M KCl. The obtained recombinant stromal APX was still contaminated by a few proteins, as seen in SDS-PAGE (not shown). Protein was assayed by the procedure of Bradford 31) with BSA as the standard. The heme content of puriˆed recombinant APX-B was assayed by the pyridine hemochromogen method 32) with myoglobin from dog heart as the standard.
Enzyme assay. APX activity was assayed as described by Nakano and Asada 33) in a reaction mixture (1 ml) that contained 50 mM MES-KOH buŠer (pH 7.0), 0.5 mM ascorbate, and 0.1 mM hydrogen peroxide. The hydrogen peroxide-dependent oxidation of ascorbate was followed at 379 C or 259 C by monitoring of the decrease in absorbance of ascorbate at 290 nm, assuming an absorption coe‹cient of 2.8 mM "1 cm "1 . One unit of APX is deˆned as the amount of enzyme that oxidizes 1 mmol of ascorbate per minute under these above assay conditions. SDS-PAGE and Immunoblotting. G. partita cells (0.15 g wet weight) were homogenized in 0.6 ml of buŠer A with a Mini-beadbeater (Biospec products, Bartlesville, OK). Soluble proteins were separated by ultracentrifugation at 70,000×g for 60 min from the membranous pellets, which were suspended by sonication in buŠer B containing 300 mM NaCl, and cen-trifuged at 70,000×g for 30 min. After washing two times by the same procedure, the pellets were suspended in 0.6 ml of buŠer B and used as the insoluble membranous fraction. All procedures were done at 49 C.
To compare the reactivities of APXs-A and B to anti-APX-B antibody, native APXs-A and B were partially puriˆed with a Butyl toyopearl column as previously described. 13) These proteins were separated by SDS-PAGE on 12.5z polyacrylamide gels 34) and detected by silver staining. For immunoblot analysis, proteins in gels were transferred to polyvinylidene di‰uoride membranes (Bio-Rad, Hercules, CA) with a TransBlot apparatus (BioRad). After transfer, blots were treated with rabbit anti-APX-B antibody, then treated with alkaline phosphataseconjugated anti-rabbit immunoglobulin G (Jackson Immuno Research, West Grove, PA), and stained with nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl-phosphate (Promega, Madison, WI, U.S.A.).
